A polymerase chain reaction was used to amplify a 137-base-pair sequence of DNA from a Chlamydia trachomatis plasmid. Various parameters of the polymerase chain reaction were explored, and it was found that two short steps per reaction cycle were sufficient to achieve 1012-fold amplification in less than 1 h. By use of this procedure, 10-18 g of a sequence of plasmid DNA, representing the amount of that sequence found in one C. trachomatis bacterium, was amplified to the point where it was clearly visible on an ethidium bromidestained polyacrylamide gel under UV light. DNA from intact cells from each of the 15 serovars of C. trachomatis could also be amplified for visualization. With this procedure, the presence or absence of C. trachomatis DNA in a sample could be established in less than 1.5 h. The speed and extreme sensitivity of this detection procedure may make it a useful method for the detection of C. trachomatis, and similar techniques should be possible for any type of bacteria.
Chiamydia trachomatis is best identified by tissue culture methods that are difficult and time consuming (1) . Direct fluorescent-antibody tests and enzyme-linked immunosorbent assays have recently been developed, but they have only 60 to 90% of the sensitivity and specificity that tissue culture methods do. Hence, a highly sensitive method of detection is desirable.
Immunological studies have classified C. trachomatis into 15 serovars: A through K, Da, and L, through L3, each with distinct immunological properties (29) . Although each serovar possesses a unique genome (22) , all carry about 10 copies of a common plasmid that is approximately 7.5 kilobase pairs in length (10, 12, 20, 22) . The conservation of this plasmid makes it an obvious target for the development of nucleicacid-based methods of detection. Although several protocols have been developed that successfully detect the C. trachomatis plasmid DNA (6, 9, 10, 21) , these methods require at least 10 pg of DNA (10, 21) and are labor intensive. In addition, the requirement of working with radioactive isotopes is not optimal. Recently, a procedure called a polymerase chain reaction (PCR) was developed that can amplify subpicogram quantities of DNA to the point where they can be detected without radioactive hybridization probes.
PCR is a method for the rapid amplification of specific sequences of DNA which uses two oligonucleotide primers complementary to opposite strands of the sequence to be amplified (18, 27 reaction or a substrate becomes limiting (17) . PCR with Taq DNA polymerase has been used to amplify small quantities of DNA until they were visible directly on an electrophoretic gel (3, 13, 15, (25) (26) (27) .
PCR has been applied to the detection of Chlamydia spp. by two laboratories to date. Dutilh et al. (7) (10) . pSL125 DNA was isolated by alkali extraction (2 After amplification was completed, 10 p.l of each reaction mixture was electrophoresed in a 5% acrylamide gel (5) and stained with 0.5 p.l of ethidium bromide per ml, and the gel was photographed under UV light.
Because of the extreme sensitivity of this amplification technique, care was taken to avoid contamination by pipettors or airborne particles. Different rooms and pipettors were used for making reaction mixtures than were used for making amplified materials. It was also important to run negative controls which lacked template DNA for all tests.
Restriction enzyme digestions. Digestion of amplified products was achieved by adding 10 p.l of PCR product to 2 p.l of 500 mM Tris hydrochloride (pH 8.0), 100 mM MgCl2, and 4 U of the restriction endonuclease AluI (Bethesda Research Laboratories, Inc., Gaithersburg, Md.) in a total volume of 20 p.J. The reaction mixture was incubated at 37°C for 2 h and stopped by adding EDTA to a final concentration of 10 mM.
RESULTS
DNA sequencing and primers for synthesis. The primers for PCR were based on the sequence data shown in the legend to Fig. 1 . Because of the extremely low G+C content of the plasmid (35% for the segment sequenced), primers were designed to be complementary to regions that are relatively high in G+C. Primers s249, s250, and s260 contain 25 bases with a G + C content of 40 to 44% (see Fig. 1 legend) . Primers 32 bases long with identical 5' ends to s249 and s260 were also synthesized PCR detection of plasmid DNA. As few as 10 copies of plasmid could be readily detected ( Fig. 2A, lanes 1 through  3) . PCR primers 25 bases in length were sufficient for annealing/elongation to occur at a temperature of 64°C ( Fig.   2A, lanes 1 and 2) , whereas primers 32 bases long allowed annealing/elongation at a temperature of 72°C (Fig. 2A, lane  3) . The small reduction in total yield in lane 3 is apparently the result of experiment-to-experiment variability since any one of the pairs of primers gave the same results on average.
The exact concentration of Mg2+ has been reported to significantly influence the PCR efficiency (11) . We found the buffer system reported here (basically similar to that given in reference 13) to be relatively insensitive to appropriate primers were used to generate the sequences labeled A and B shown in Fig. 1 . Half of each amplification product was digested with AluI and compared with both the undigested products and the HaeIII-digested OX174 size marker.
Digestion of target sequence A ( Fig. 1) with Alul should yield 103-and 34-bp fragments, whereas Alul-digested sequence B (Fig. 1) should yield the same 103-bp fragment and a 57-bp fragment. Figure 3 shows the results of the digestions: the 103-and 34-bp bands are clearly visible in lane A and the 103-and 57-bp fragments are visible in lane D. AluI digestions are not quite complete, probably because of materials present in the PCR buffer. Additional confirmation was derived by probing dot blots of the amplified material with a biotinylated 30-base probe that binds to the middle of a 137-bp fragment (14) . Although control reactions (to which template was not added) were not detected, the PCR products did hybridize with the probe (data not shown).
Template DNA preparation by various extraction methods. A less-labor-intensive method for obtaining DNA from C. trachomatis than that described in Materials and Methods would greatly facilitate future PCRs with Chlamydia spp. or other bacteria. Several techniques were tested to reveal the simplest way to obtain amplifiable DNA from whole elementary bodies of Chlamydia spp. Figure 4 shows the results of boiling the samples with or without reducing agents and the results obtained by simply adding whole cells to the PCR mixture, which reaches a temperature of 95°C itself. All methods, including adding whole cells directly to the PCR mixture, result in satisfactory amplification of target DNA.
Detection of chlamydial serovars. Because the direct addition of intact cells to the PCR mixture was by far simpler than the DNA extraction methods, it was used for amplification of all chlamydial serovars. All trachomatis were amplified by this system as demonstrated by the appearance of 137-bp fragments (Fig. 5) . A sample of guinea pig inclusion conjunctivitis agent, i.e., a strain of Chlamydia psittaci, showed variable results: amplification resulted in some experiments (Fig. 5) but not in others.
Neisseria gonorrhoeae DNA (Fig. 5, lane N) did produce a smear of very short oligonucleotides but nothing in the 137-bp region. The nature of DNA in the smear is not known; however, material tested after 25 cycles yielded no visible product. Negative controls containing Klebsiella pneumonia, Pseudomonas aeruginosa, Salmonella enteriditis, Serratia marcescens, Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus salivarius, human, mouse, and pBR327 plasmid DNAs yielded no amplification product in the region of 137 bp on the gel. In fact, only two gave any visible product at all: very faint bands at 600 bp for S. epidermidis and 650 bp for S.enteriditis (data not shown).
DISCUSSION
We have developed a procedure to amplify a small portion of the plasmid of all C. trachomatis serovars with a high degree of specificity. This amplification technique is a twostep PCR which can detect 10 copies of the plasmid, the same number present in a single C. trachomatis bacterium, and amplify a sequence of that plasmid until it is clearly visible on an ethidium bromide-stained polyacrylamide gel. To establish this procedure, a number of experimental parameters were tested for rapid amplification with a minimum of mispriming or misextension (11) .
Reaction conditions. Relatively long primers allowed annealing to occur at 64 to 72°C, at which temperatures the Taq DNA polymerase (28) produced excellent results (Fig. 2) (27) to determine amplification efficiency (where x is the efficiency of the PCR, n is the number of cycles, and Y is the total yield), this amplification procedure has an average efficiency of approximately 89% per cycle. This is a considerable improvement over past procedures with efficiencies ranging from 35 to 66% (3, 17, 23, 24, 30) . Additionally, this 1012-fold amplification is higher than any we have seen reported.
Conclusions. The ability of this procedure to amplify all C. trachomatis serovars supports restriction enzyme analysis and DNA hybridization data that suggest that the plasmids of these serovars are closely related (22) . The amplification of the guinea pig inclusion conjunctivitis agent was unexpected because of the finding that the plasmids of C. trachomatis and C. psittaci do not show strong DNA hybridization with each other (12) . However, there is a great deal of variation among the plasmids of C. psittaci (16 (19) . The reduction of these proteins is not necessary for the detection of the bacterial DNA by PCR since only a few bacterial cells in a reaction without reducing agent are sufficient for detection to occur.
The development of a two-step PCR allows extremely high amplifications with very low background, making possible the direct amplification and visualization of DNA when starting with only attogram quantities. Because of the elimination of an entire step of the PCR and the abbreviation of others, this method also reduces the total time of the PCR on the DNA template present in one bacterial cell to just 51 min (about one-third the average published time). Even when time for gel electrophoresis is added, the entire detection procedure requires less than 1.5 h. This work was supported by the Phi Beta Psi Sorority.
ADDENDUM IN PROOF
K. Kim and B. Kwon of our institution have recently found that they were unable to amplify a specific DNA target with any of three sets of primers at any Mg2+ concentration in a widely used buffer system (11) . However, when they added 10% dimethyl sulfoxide to the reaction mixture, the results were excellent. It may be important that this target DNA had a G+C content of 65 mol%.
